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Summary
Background: Cytoplasmic dynein motility along microtubules
is critical for diverse cellular processes ranging from vesicular
transport to nuclear envelope breakdown to mitotic spindle
alignment. In yeast, we have proposed a regulated-offloading
model to explain how dynein motility drives microtubule
sliding along the cortex, powering transport of the nucleus
into the mother-bud neck [1, 2]: the dynein regulator She1
limits dynein offloading by gating the recruitment of dynactin
to the astral microtubule plus end, a prerequisite for offloading
to the cortex. However, whether She1 subsequently affects
cortically anchored dynein activity during microtubule sliding
is unclear.
Results: Using single-molecule motility assays, we show
that She1 strongly inhibits dynein movement along microtu-
bules, acting directly on the motor domain in a manner
independent of dynactin. She1 has no effect on the motility
of either Kip2, a kinesin that utilizes the same microtubule
track as dynein, or human kinesin-1, demonstrating the
specificity of She1 for the dynein motor. At single-molecule
resolution, She1 binds tightly to and exhibits diffusional
behavior along microtubules. Diffusive She1 collides with
and pauses motile dynein motors, prolonging their attach-
ment to the microtubule. Furthermore, Aurora B/Ipl1 directly
phosphorylates She1, and this modification appears to
enhance the diffusive behavior of She1 along microtubules
and its potency against dynein. In cells, She1 dampens pro-
ductive microtubule-cortex interactions specifically in the
mother compartment, polarizing spindle movements toward
the bud cell.
Conclusions: Our data reveal how inhibitory microtubule-
associated proteins selectively regulate motor activity to
achieve unidirectional nuclear transport and demonstrate a
direct link between cell-cycle machinery and dynein pathway
activity.
Introduction
Dynein and kinesin function to position and organize a multi-
tude of cargos in the cytoplasm as well as to build and
breakdown diverse microtubule-based structures critical for
cell growth and division. Both types of motors interact with
the same microtubule cytoskeleton, often walk along the
same microtubule track, and sometimes even occupy the
same cargo simultaneously. Hence, selective activation and
inhibition of these motors, spatially and/or temporally, are
particularly important for the directional transport of specific*Correspondence: wlee@bio.umass.educargos with respect to the microtubule cytoskeleton or to
regions of the cell cortex.
Although much is known about how kinesin is activated or
inhibited [3, 4], howdynein is regulated is lesswell understood.
Interestingly, purified dynein seems to be fully active for proc-
essive movement [5, 6], suggesting that its activity in vivo
might be controlled by inhibitory factors (as proposed in [7])
or via an active targetingmechanism [1, 8]. One such inhibitory
factor is the lissencephaly protein, LIS1, which interacts
specifically with the dynein motor domain and reduces dynein
motility in vitro [1, 9–11]. However, to date, the physiological
relevance of LIS1-mediated inhibition of dynein remains con-
troversial. Although it appears to be required for high-load
organelle transport [12], LIS1 has not been observed moving
with cargo-bound dynein. In fact, in the fungi Ustilago maydis
andAspergillus nidulans, LIS1 does not colocalizewithmoving
endosomes and appears to be released from early endosomes
prior to their retrograde movement from the hyphal tip [13, 14].
Likewise, in Saccharomyces cerevisiae, LIS1/Pac1 is absent
from the cell cortex [2, 15], where dynein generates pulling
forces to move the nucleus through the bud neck. In the latter
case, LIS1 is required for the targeting of dynein to the astral
microtubule plus end, a prerequisite for dynein offloading to
the cell cortex [1]. Consistent with this role, overexpression
of LIS1 enhances dynein-mediated microtubule sliding along
the yeast cell cortex due to an increase in cortical dynein [2].
Thus, these studies in fungi indicate that LIS1 plays a role in
the steps preceding the initiation of minus-end-directed trans-
port and is not required for dynein’s subsequent motility along
microtubules.
Two recent studies showed that the tau family of microtu-
bule-associated proteins (MAPs) is capable of differentially
blocking the path of both dynein and kinesin motors and
thus has the potential to selectively inhibit dynein and kinesin
along microtubules [16, 17]. Upon encountering tau, kinesin
tends to detach from microtubules, whereas dynein tends to
reverse direction [16]. Thus, due to their own distinct mechan-
ical properties and stepping behaviors, dynein and kinesin
respond differently to tau obstacles in their path. It remains
an open question, however, whether there are MAPs that
have an inherent selectivity for one motor over another.
Here we demonstrate that, in budding yeast, She1 (Sensitive
to high expression-1) is a MAP that exhibits the unique ability
to specifically regulate dynein but not kinesin motility. Pre-
vious localization studies [1, 2, 18] have suggested that She1
inhibits dynein pathway function by restricting dynein offload-
ing to the cortex: She1 limits the recruitment of dynactin to
astral microtubule plus ends, a requirement for dynein offload-
ing to the cortex [15, 19, 20]. Although offloading occurs pref-
erentially at the daughter cell cortex [1], cortical dynein foci are
observed predominantly along the mother cell cortex [21];
thus, it is unclear how dynein activity is regulated to achieve
directional movement (i.e., bud-ward) and proper orientation
of the mitotic spindle. We show that She1 strongly inhibits
dynein movement along microtubules and acts directly on
the motor domain in a manner that is independent of dynactin.
Our results indicate that dynein activity is restricted not only by
a targeting mechanism (i.e., offloading to the cortex) but also
Figure 1. She1 Binds Microtubules In Vitro and
Exhibits Lattice Diffusion
(A) She1-HALO purified from E. coli.
(B) Cosedimentation of 100 nM She1-HALO with
varying concentrations of Taxol-stabilizedmicro-
tubules (S, supernatant; P, pellet).
(C) Bound She1-HALO plotted against the
concentration of polymerized tubulin.
(D) Representative fluorescence images (shown
as heat map, left, or inverted image, right) of
She1-TMR bound to microtubules. A.U., arbitrary
units.
(E) Average fluorescence intensity of microtu-
bule-bound She1-TMR plotted against concen-
tration (R182 mmofmicrotubule length evaluated
per condition). Error bars indicate SD.
(F) Kymograph showing single-molecule be-
havior of She1-TMR along microtubules (see
Movie S2).
(G) Mean squared displacement (MSD) is plotted
against time interval for 30 pM She1-TMR on
microtubules (n = 24 spots; r2 = 0.99487). Error
bars indicate SEM.
See also Figure S2.
Current Biology Vol 22 No 23
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izing dynein-mediated spindle movements.
Results
Overexpression of She1 Disrupts Dynein Pathway
Function and Mislocalizes Dyn1 along Astral Microtubules
SHE1 causes growth arrest when overexpressed [22].
Although the basis for this phenotype remains unclear, recent
studies have implicated a role for She1 in regulating dynein
pathway function [2, 18, 23]. We observed that overexpression
of She1 (see Figure S1A available online) resulted in (1)
a spindle orientation defect as severe as that exhibited by cells
deficient for the dynein heavy chain gene (dyn1D; Figure S1B),
and (2) a mislocalization of Dyn1 along the length of astralmicrotubules (Figure S1D; Movie S1).
The same mislocalization phenotype
was observed for Dyn1MOTOR-3YFP, a
motor domain fragment of Dyn1 that
localizes to the astral microtubule plus
end (Figure S1D) [24]. Furthermore,
GAL1p-SHE1 kar9D but not GAL1p-
SHE1 dyn1D cells exhibited growth
defects more severe than GAL1p-SHE1
cells (Figure S1C), suggesting that over-
expression of She1 disrupts the dynein
but not the Kar9 pathway. These data
suggest that She1 directly affects the
microtubule-binding behavior of the
dynein motor and that this effect is
mediated via the motor domain in vivo.
She1 Binds Microtubules Directly
and Exhibits Diffusive Movement
along the Microtubule Lattice
In cells, She1 associates with both
spindle and astral microtubules [18,
25]. To characterize its microtubule-
binding activity, we expressed and puri-
fied a functional (Figures S1B, S1D, andS1E) recombinant She1 from bacteria (She1-HALO; Figure 1A).
As shown in Figure 1B, She1-HALO cosediments withmicrotu-
bules in vitro in a concentration-dependent manner, with an
apparent dissociation constant (KD) of 0.77 mM (Figure 1C).
We next analyzed the binding of tetramethylrhodamine
(TMR)-labeled She1-HALO (hereafter referred to as She1-
TMR) to microtubules using quantitative total internal reflec-
tion fluorescence (TIRF) microscopy. We bound varying
concentrations of She1-TMR to a fixed concentration of cover-
slip-immobilized HiLyte-647 microtubules (Figures S2A and
S2B) and measured the fluorescence intensity of microtu-
bule-bound She1 as a function of She1-TMR concentration
(Figures 1D and 1E). The resulting titration data showed satu-
rable binding of She1 to microtubules, yielding an apparent
microscopy-based KD of 9.7 nM. The sensitivity of the
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microtubule concentrations below the detection limit of the
copelleting assay, possibly accounting for the difference in
the observed binding constants. Collectively, these data
demonstrate that She1 can bind directly to microtubules with
high affinity.
We found that the interaction of She1 with microtubules
involves the acidic C-terminal tails of a- and b-tubulin
(E-hooks), because She1-TMR did not bind microtubules
treated with subtilisin, an enzyme that removes the E-hooks
from microtubules (Figures S2C and S2D). Consistent with
the dependence on E-hooks, binding of She1 to microtubules
was sensitive to high ionic strength (Figures S2E and S2F).
At low concentrations of She1-TMR, we observed single
molecules moving bidirectionally along the microtubule lattice
(Movie S2; Figure 1F). Mean squared displacement (MSD)
analysis indicated that this movement was consistent with
a one-dimensional random walk with an average diffusion
coefficient, D, of 30.2 nm2/s (Figure 1G). No detectable biased
diffusive component was observed for this motion (drift
velocity z 0; see Supplemental Experimental Procedures).
The dwell times for individual She1-TMR molecules on micro-
tubules were remarkably long, often exceeding our image
acquisition length (10 min), suggesting a low dissociation
rate constant (i.e., slow off-rate). Additionally, photobleaching
analysis revealed that She1-TMR particles underwent no
more than one-step bleaching events (Figure S2G; n =
17 spots), indicating that She1 diffuses along microtubules
as a monomer.
She1 Is a Potent Inhibitor of Dynein Motility In Vitro
We next assessed the effects of She1 on dynein motility using
TIRF microscopy and a GFP-tagged dynein heavy chain puri-
fied from yeast (Dyn1-EGFP). Compared to bare microtubules,
single molecules of Dyn1-EGFP exhibited reduced velocities
and longer dwell times on microtubules prebound with She1
(Figures 2A, 2D–2F, and S3A–S3C), indicating that She1 not
only slows the motor but also prolongs its encounter with
the microtubule. Flow-in experiments revealed that moving
Dyn1-EGFP motors abruptly reduced their velocity upon the
introduction of She1 into the motility chamber (Figure 2B,
arrowheads; Movie S3), demonstrating that the effects of
She1 on dynein motility are potent and rapid. In contrast,
control experiments revealed that dynein motility was unaf-
fected by Bim1 (Figure 2C; Movie S4), the microtubule-binding
EB1 homolog, confirming that She1 has a unique ability to
inhibit dyneinmotility. The concentration-dependent inhibitory
effects of She1 on dynein velocity yielded an apparent dose-
response curve (Figure 2G) with half-maximal inhibition occur-
ring at 0.17 nM She1. The strength of inhibition suggests that
there is a high-affinity physical association between She1
and Dyn1 on the microtubule lattice. Quantitative western
blotting revealed an approximate cellular She1 concentration
of 1.96 nM (Figures S1F and S1G). Thus, if She1 is equally
distributed between the cytoplasm and nucleus, it is present
at sufficient quantities to strongly inhibit dynein activity (see
Discussion).
In cells, dynein activity depends on dynactin, a large
(w1.2 MDa) multisubunit complex that enhances dynein
processivity, supports high-load dynein-mediated transport
events, and is required for dynein offloading to the cell cortex
[1, 26, 27]. We asked whether She1 mediates its inhibitory
effects through the dynein tail domain, with which dynactin
interacts indirectly, or the catalytic motor domain. To testthis, we analyzed the effects of She1 on an artificially dimer-
ized, tail-truncated Dyn1 construct, GST-Dyn1MOTOR-EGFP,
which moves at a rate similar to native dynein but with a
shorter run length, likely due to the absence of copurify-
ing dynactin [5, 26]. We found that She1 inhibited GST-
Dyn1MOTOR-EGFPmotility to the same extent as the full-length
motor (Figures 3A–3C, S3D, and S3E). Furthermore, in
ensemble motor assays, She1 inhibited GST-Dyn1MOTOR-
mediated microtubule gliding (Figures 3D and 3E). We con-
clude that She1 inhibits dynein motility through its C-terminal
motor domain, in a manner that is independent of the dynactin
complex.
She1 Has No Effect on Kinesin Motility
To investigate the specificity of She1 activity, we tested
whether She1 affects the motility of the kinesin family of
motors. We found that 20 nM She1, a saturating dose for
Dyn1-EGFP, had no effect on the velocity, dwell time, or
run length of a motor domain construct of human kinesin-1
(Kinesin-11–560-GFP; Figure S4; Movie S5).
Next, we tested the effects of She1 onKip2, a yeast kinesin-7
motor. Purified Kip2-EGFP molecules are dimers (Figures
S5A–S5C) that walk processively and unidirectionally toward
the plus end of Taxol-stabilized microtubules at 11.7 nm/s
(Figures 4A and 4B; Movie S6). We found that the velocity,
dwell time, and run length of single Kip2-EGFP molecules on
She1-decorated microtubules were indistinguishable from
those on bare microtubules (Figures 4C–4H). Flow-in experi-
ments revealed that moving Kip2-EGFP molecules proceeded
to walk along their tracks upon the introduction of 25 nM
She1-TMR into the motility chamber, without any apparent
change in their velocity (Figure 4D; Movie S7). Consistent
with these in vitro data, we found that Kip2-3GFP speckles
moved along astral microtubules toward the plus end at
similar rates in wild-type (SHE1) and She1-overexpressing
cells (GAL1p-SHE1; Figures S5D–S5F). Taken together, these
results indicate that She1 has no effect on the motility of either
kinesin-1 or Kip2, demonstrating its specificity for dynein.
Dynein, but Not Kip2, Interacts with She1 on the
Microtubule Surface
Using TIRFmicroscopy and low concentrations of Dyn1-EGFP
and She1-TMR, we observed collision events during which
Dyn1-EGFP and She1-TMR apparently interacted on the
microtubule lattice. The Dyn1-EGFPmolecule stoppedmoving
upon the collision (Figure 5A, left panel, red arrows), whereas,
coincidently, the She1-TMR molecule ceased its one-
dimensional diffusion on the microtubule. We sometimes
observed Dyn1-EGFP land on a She1-TMR molecule (Fig-
ure 5A, middle and right panels, blue arrows), restricting
the diffusive behavior of She1 on the microtubule (see purple
bracket, right panel; compare two adjacent She1-TMR
molecules). In most of the observed events, the twomolecules
eventually dissociate after a variable interval (1.2–7.1 min;
mean = 3.1 6 2.0 min; n = 13), with Dyn1-EGFP restarting its
movement toward the minus end and She1-TMR resuming
its diffusive behavior. These observations contrast with the
reported effects of tau on dynein motility [16], in which single
dynein motors reversed direction upon encountering tau
on the microtubule track. Furthermore, we found that the
observed dynein-She1 interaction was specific, because
single molecules of She1-TMR exhibited dramatically re-
duced diffusion along microtubules predecorated with GST-
Dyn1MOTOR-EGFP but not Kip2-EGFP (Figures 5B and 5C),
Figure 2. Recombinant She1 Reduces the
Velocity and Increases the Dwell Time of Dynein
Isolated from Cells
(A) Representative kymographs showing
dynein motility with varying concentrations of
She1-TMR.
(B and C) Kymograph of flow-in experiment in
which motile Dyn1-EGFP motors were exposed
to either She1-TMR (B) or Bim1-TMR (C) at the
indicated time (arrow). White arrowheads in (C)
indicate dynein motors that exhibit an abrupt
reduction in velocity upon introduction of She1-
TMR into the chamber. See Movies S3 and S4.
(D) Fraction of dynein molecules moving at the
indicated range of velocity as a function of
She1-TMR concentration.
(E) Box plot of Dyn1-EGFP velocity as a function
of She1-TMR concentration. Whiskers define
the range, boxes encompass 25th275th quartiles,
lines depict the medians, and circles depict
outlier values (defined as values greater than
[upper quartile + 1.5 3 interquartile distance] or
less than [lower quartile 2 1.5 3 interquartile
distance]).
(F) Mean dwell time for Dyn1-EGFP molecules
along microtubules as a function of She1-TMR
concentration. Error bars indicate SEM.
(G) Graph depicting the fraction velocity re-
duction of Dyn1-EGFP molecules as a function
of She1-TMR concentration. Error bars indicate
SE of proportion.
See also Figure S3.
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compared to Kip2-EGFP (see respective intensity traces in
Figure 5B).
She1 Phosphomutants Differentially Affect In Vivo Dynein
Pathway Activity
In cells, She1 facilitates spindle disassembly during mitotic
exit, and this function of She1 appears to be activated via
phosphorylation by Ipl1/Aurora B [28]. We asked whetherdynein-mediated spindle orientation is
also regulated by Ipl1-mediated phos-
phorylation of She1. Using Phos-tag
SDS-PAGE [29], we found that recombi-
nant Ipl1 directly phosphorylates She1
(Figure S6A). The phospho-She1 spe-
cies were eliminated when ATP was
omitted from the reaction (data not
shown) or when all five Ipl1 consensus
phosphorylation sites were mutated to
alanine (She15A) [28]. In contrast to
Bim1, which is phosphorylated by Ipl1
only in the presence of Sli15 (INCENP
homolog) [30], phosphorylation of She1
by Ipl1 did not require Sli15.
To analyze the consequences of She1
phosphorylation in vivo, we mutated all
five putative Ipl1 sites to either alanine
(to prevent phosphorylation; she15A)
or aspartate (to mimic constitutive
phosphorylation; she15D) at the chromo-
somal SHE1 locus. In growth assays,
overexpression of she15A or she15D
resulted in synthetic growth defectswith kar9D that were comparable to overexpression of SHE1
(Figures S6B–S6D), indicating that, when overexpressed,
both alleles are equally capable of impairing dynein pathway
function.
To further examine the effects of the phosphomutants on
dynein pathway activity, we monitored the movement of prea-
naphase spindles in cells arrested with hydroxyurea, which
eliminates spindle movements due to spindle elongation.
Kar9 was deleted to dramatically enhance dynein-dependent
Figure 3. Effect of She1 on Dynein Motility Is
Independent of the Dynein Tail Domain
(A) Representative kymographs showing GST-
Dyn1MOTOR-EGFP motility in the absence and
presence of She1-TMR.
(B) Graph depicting fraction of GST-Dyn1MOTOR-
EGFP molecules moving at the indicated range
of velocity in the absence and presence of
She1-TMR.
(C) Box plot of GST-Dyn1MOTOR-EGFP velocity.
(D) Representative kymographs showing GST-
Dyn1MOTOR-EGFP-mediated microtubule gliding
in the absence (top) and presence (bottom)
of She1.
(E) Box plot of microtubule gliding velocity.
See also Figure S3.
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preanaphase spindles in these cells oscillated back and forth
between the mother and daughter cell compartments. We
tracked the position of the spindle poles over time and scored
for the displacement and velocity of each unidirectional,
persistent spindle movement (Figures 6A and 6B). Compared
to wild-type, she1D cells exhibited a significantly higher
mean spindle velocity, consistent with an enhancement of
cortical dynein activity.Whereas she15D cells exhibited spindle
velocities similar to those of wild-type, the she15A mutants
exhibited velocities indistinguishable from those of she1D
(p = 0.3127), suggesting that phosphorylation of She1 may
function to prevent hyperactivity of cortical dynein in vivo.
Dynein-dependent spindle movements rely on astral micro-
tubule sliding along the cell cortex [32]. Therefore, as another
measure of cortical dynein activity, we quantitated the fre-
quency of observing astral microtubule-cortex interactions
that resulted in a ‘‘productive’’ sliding event. The microtubulesliding ratio (productive contacts
divided by total contacts) was signifi-
cantly higher in both she1D and she15A
cells than in either SHE1 or she15D cells
(Figure 6C). Furthermore, in she15A cells,
we observed that the spindle transloca-
tion events often resulted in a spindle
pole contacting the apex of the cell
cortex (Figure 6E). The frequency of
finding these ‘‘cortical contacts’’ during
a fixed imaging period (Figure 6D) was
higher in she1D and she15A cells than
in SHE1 and she15D cells. Together,
these results are consistent with an
enhanced dynein activity in the she15A
mutant and suggest that the spindle
displacements observed in she15A cells
(Figure 6A) were likely underestimated
because many of the spindle move-
ments were prematurely terminated
upon the pole contacting the cell tip.
She1 Polarizes Dynein Activity
toward the Bud by Inhibiting Dynein
in the Mother
We observed that she1D cells ex-
hibited significantly shorter spindle dis-
placements than SHE1 cells (Figure 6A).
The majority of these abbreviatedmovements were biased toward the mother cell cortex (Fig-
ure 6F). Furthermore, almost all of the ‘‘cortical contact’’ events
observed for she1D were ones in which the spindle contacted
the mother cell cortex (14 out of 15 events). We noted that,
although astral microtubule-cortex interactions were signifi-
cantly more ‘‘productive’’ in she1D cells, the resulting spindle
movements rarely led to the spindle traversing the neck
between the mother and daughter compartments (Figures 6G
and S7A). Thus, we posit that loss of She1 causes exaggerated
dynein pulling forces at the mother cortex, thereby retarding
movements of the spindle toward the bud in she1D cells.
Our hypothesis predicts that spindle elongationwould occur
in the mother cell in a she1D mutant due to a delay in spindle
movement to the bud neck. To test this, we assayed spindle
dynamics in synchronized she1D and wild-type cells. We
found that the spindle was significantly closer to the bud
neck at anaphase onset in wild-type than in she1D cells
(Figures 6H and S7C). Additionally, the average spindle length
Figure 4. Recombinant She1 Has No Effect on
Kip2 Isolated from Cells
(A and B) Representative kymographs showing
motility of Kip2-EGFP alone (A) or in the presence
of Dyn1-TMR (B; see Movie S6).
(C) Representative kymographs showing
Kip2 motility in the absence and presence of
She1-TMR.
(D) Kymograph of flow-in experiment in which
motile Kip2-EGFP motors were exposed to
She1-TMR at the indicated time (see Movie S7).
(E) Graph depicting fraction of Kip2 molecules
moving at the indicated range of velocity in the
absence and presence of She1-TMR.
(F) Box plot of Kip2-EGFP velocity.
(G and H) Mean dwell time (G) and run length (H)
for Kip2-EGFP molecules in the absence and
presence of She1-TMR. Error bars indicate SEM.
See also Figure S5.
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in wild-type cells (Figure S7B), indicating that spindle penetra-
tion in the mutants occurred at a later point after anaphase
onset. These data support the hypothesis that enhanced
dynein activity in the mother cell prior to anaphase onset
inhibits spindle movements toward the bud. Our results
demonstrate a physiological role for She1 in polarizing dynein
activity toward the daughter cell.
Phosphomimetic Mutations of She1 Weaken Microtubule
Binding but Enhance Dynein Inhibition
To investigate the consequences of phosphorylation on She1
activity in vitro, we expressed and purified recombinant phos-
phomimetic She15D-HALO (hereafter referred to as She15D)from bacteria (Figure 7A). We found
that She15D bound microtubules with
anw4-fold lower affinity than wild-type
She1 (Figures 7B and 7C) and exhibited
anw5-fold faster rate of diffusion along
reconstituted microtubules in vitro
(Figure 7D).
At high concentrations, She15D re-
duced dynein motility to an extent
similar to wild-type She1 (i.e., ‘‘dephos-
phorylated’’ She1; see Supplemental
Experimental Procedures; data not
shown), consistent with the in vivo
overexpression data of she15D (Figures
S6B–S6D). However, at or near its phys-
iological concentration (<4 nM), She15D
exhibited stronger inhibition of dynein
motility than wild-type She1 (Figure 7E),
despite having an apparent weaker
affinity for microtubules. The stronger
inhibitory effects of She15D relative
to the wild-type protein shifted the
dose-response curve to the left, re-
ducing the half-maximal inhibition by
approximately 25% (Figure 7F). Taken
together with our in vivo data, these
results suggest that phosphorylation of
She1 by Ipl1/Aurora B negatively re-
gulates dynein pathway activity within
the mother cell, which may facilitatedirectional transport of the spindle toward the bud prior to
anaphase.
Discussion
In summary, we have identified She1 as a MAP that exhibits
the unique property of specifically modulating dynein but not
kinesin motility. Consistent with its role in dynein pathway
activity [2, 18], She1 binds microtubules in vitro with high
affinity and also localizes along the length of astral and nuclear
microtubules in vivo. Thus, She1 is appropriately situated to
affect dynein activity in cells. The specificity of She1 activity
ensures that, along She1-decorated astral microtubules, Kip2
is unhindered in its transport of Bik1/CLIP-170 toward the
Figure 5. Dynein, but Not Kip2, Interacts with
She1 along Microtubules
(A) Representative kymographs showing Dyn1-
EGFP encountering She1-TMR on the microtu-
bule. Red arrows indicate Dyn1-She1 collision
events; green arrows indicate Dyn1-She1 re-
lease events; blue arrows indicate events in
which Dyn1-EGFP landed on microtubule-bound
She1-TMR; purple bracket in the right panel indi-
cates two adjacent She1-TMR molecules, only
one of which is associated with a Dyn1-EGFP
molecule.
(B) Single-molecule behavior of She1-TMR
on GST-Dyn1MOTOR-EGFP- or Kip2-EGFP-deco-
rated microtubules (left and right, respec-
tively). Inverse fluorescence images (top) depict
HiLyte647 microtubules with bound GST-
Dyn1MOTOR-EGFP or Kip2-EGFP. Plots (middle)
indicate fluorescence intensity of GST-
Dyn1MOTOR-EGFP or Kip2-EGFP along the re-
spective microtubules; kymographs (bottom)
illustrate the diffusive behavior of She1-TMR
molecules along the different motor-decorated
microtubules.
(C) MSD is plotted against time interval for She1-
TMR on either GST-Dyn1MOTOR-EGFP- or Kip2-
EGFP-decorated microtubules (n R 25 spots;
r2R 0.98514). Error bars indicate SEM.
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length and dynamics [33]. Thus, She1 activity provides cells
with the ability to prevent unwanted (i.e., mother cell-directed)
dynein-mediated spindle translocation events without com-
promising the important functions provided by Kip2. Although
such specificity by a MAP has not yet been documented in
animal cells, it would be advantageous for cells throughout
evolution tobeable to specificallymodulatemicrotubulemotor
activity. Such ability could presumably alter the balance
between minus- and plus-end-directed cargo transport and
could provide a switch to reorganize the internal architecture
of a cell, for example as in the response to external cues during
pigment aggregation in Xenopus melanocytes [34].
How can cortically anchored dynein power spindle move-
ments given the relatively high cellular concentration of She1
(w2 nM) and the apparent potency of She1 on dynein motility?
Interestingly, Woodruff et al. [18] showed that, in cells,
the localization of She1 to astral microtubules varies in a
cell-cycle-dependent manner: w50% of G1 cells exhibited
She1 along astral microtubules, whereas as cells progressed
through preanaphase to anaphase, the corresponding fre-
quency dropped tow10%. Thus, regulated targeting of She1
to astral microtubules may be sufficient to modulate cellular
dynein function.Our data suggest that She1’s ability to
control dynein activity may also be
regulated by the highly conserved
Aurora B kinase, Ipl1, which is best
known for its role in phosphorylating
kinetochore components to ensure
proper kinetochore-microtubule attach-
ments [35, 36]. Phosphorylation re-
duces the affinity of kinetochore
proteins [35] for spindle microtubules,
thereby inducing the release of kineto-
chores that are improperly attached to
both spindle poles. Similarly, the She1mutantmimicking Ipl1 phosphorylation (She15D) exhibits lower
affinity for microtubules (Figure 7C) compared to wild-type
She1 (‘‘unphosphorylated’’). However, counterintuitive to its
apparent weaker microtubule affinity, She15D is a more potent
inhibitor of dynein motility than unphosphorylated She1, sug-
gesting that Ipl1 negatively regulates dynein pathway activity.
Previous studies have demonstrated that Ipl1 kinase activity is
lowest prior to spindle disassembly but then peaks during
spindle disassembly [37]. This suggests that when Ipl1 activity
is low, i.e., prior to anaphase, unphosphorylated species of
She1 predominate, and dynein activity is correspondingly
high; in contrast, when Ipl1 activity is high, i.e., after anaphase,
phosphorylated species of She1 accumulate and dynein
activity is consequently low. This pattern of Ipl1 activity corre-
sponds well with the time when dynein is needed to move the
preanaphase spindle into the bud neck [38, 39], lending
support for the proposed role of Ipl1 in the dynein pathway.
Thus, conceivably, temporally regulated phosphorylation of
She1 may function to regulate dynein pathway activity as cells
progress through mitosis.
Cells deficient for She1 appear morphologically normal and
complete mitosis without any gross nuclear segregation
errors. However, our analysis of spindle dynamics revealed
that loss of She1 results in significantly fewer bud cell-directed
Figure 6. she15A Cells Exhibit Enhanced Dynein Activity In Vivo
(A and B) Box plots for the displacement and velocity of spindle movements observed for kar9D strains with the indicated she1 allele (nR 48 cells; nR 79
events).
(C) Microtubule sliding ratios for indicated strains (nR 18 cells; nR 84 total events). Error bars indicate SEM.
(D) Frequency of observing cells in which a spindle pole body (SPB) contacted the apex of either the mother or daughter cell cortex the indicated number of
times for each indicated strain (nR 57 cells; t = 40min). Inset depicts percentage of cells exhibiting at least one contact. Error bars indicate SE of proportion.
(E) The relative position of each SPB was plotted over time for two representative kar9D she15A (left) and kar9D she15D (right) cells. Time-lapse images of
GFP-Tub1 from the corresponding strains are shown below each plot.
(F and G) Graphs depicting the fraction of spindle movements in which the spindle moved either toward the mother (yellow) or daughter (purple) cell cortex
(F) and in which the spindle traversed the bud neck for each indicated strain (G) (nR 48 cells; nR 79 events). Error bars indicate SE of proportion.
(H) Distance from the spindle midpoint to the bud neck at the moment of anaphase onset is plotted for wild-type and she1D cells (red bars indicate mean
values).
See also Figures S6 and S7.
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spindles in she1D cells initiate anaphase at a position that is
more distal from the bud neck than wild-type cells (Figure 6H).
Thus, we propose that She1 plays a role in ‘‘turning off’’ mothercell dynein activity, such that pulling forces are polarized
toward the daughter cell. Because the She1 phosphomimetic
mutant She15D is a more potent inhibitor of dynein motility,
it is possible that localized Ipl1 activity leads to the
Figure 7. She15D Exhibits Weaker Microtubule Binding but Enhanced
Dynein Inhibition
(A) She15D-HALO purified from E. coli.
(B) Cosedimentation of 100 nM She15D-HALO with varying concentrations
of Taxol-stabilized microtubules (S, supernatant; P, pellet).
(C) Bound She15D-HALO plotted against the concentration of polymerized
tubulin. Error bars indicate SD (n = 2 independent experiments). Binding
curve for wild-type She1-HALO from Figure 1C is overlaid for comparison.
(D) Kymographs showing single-molecule behavior of wild-type (WT) and
She15D-TMR are depicted with MSD plots (n = 40 spots; r
2 = 0.99751). Error
bars indicate SEM. The fit for wild-type She1-HALO from Figure 1G is over-
laid for comparison.
(E) Mean velocity of Dyn1-EGFP motors in the presence of indicated
concentration of either wild-type or She15D-TMR (n R 111 for each data
point). Error bars indicate SEM.
(F) Graph depicting the fraction velocity reduction of Dyn1-EGFP molecules
as a function of She1 concentration. Error bars indicate SE of proportion.
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2229phosphorylation of mother-localized, but not daughter-
localized, She1. This would result in the generation of asym-
metric forces by dynein situated at the daughter cell cortex
and the consequent pulling of the spindle into the bud neck.
Whether an asymmetry of Ipl1 localization or activity exists,
however, is unknown.
How does She1 inhibit dynein motility? Our data indicate
a mechanism of action for She1 that is unique from tau, thelatter of which appears to function as a roadblock for dynein
and kinesin motility [16]. In the presence of high levels of tau,
dynein and kinesin binding to microtubules is significantly
decreased [16]. In contrast, in the presence of high levels of
She1, dynein binding tomicrotubules is enhanced (both in vivo
and in vitro; Figures S1D and 2A), likely as a result of its
increased dwell time (Figure 2F). We propose that She1
inhibits dynein motility as a result of their interaction along
microtubules (Figure 5). Thus, She1 behaves like molecular
‘‘glue’’ that exhibits specificity for dynein. The fact that She1
has no apparent effect on the binding or motility of either
Kip2 or kinesin-1 suggests that She1 does not compete with
these kinesins for microtubule interaction. Additionally,
because dynein and kinesin share a common microtubule-
binding site—a groove at the interface between the a- and
b-tubulin subunits [40]—She1 likely binds to a site on the
microtubule lattice distinct from these two motors. Future
ultrastructural and high-resolution mapping studies of the
She1-binding site, and its relation to the dynein-binding site,
will be required to further understand the molecular basis for
the selective inhibition of dynein motility by She1.
Experimental Procedures
See Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes seven figures, Supplemental Experi-
mental Procedures, and seven movies and can be found with this article
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